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Abstract 
The method of ecosystem health assessment (EHA) based on an index system using thermodynamic indicators has 
been applied to assess the state of health of Baiyangdian Lake. Indicators consisting of eco-exergy, structural eco-
exergy, ratio of zooplankton biomass to phytoplankton biomass, and phytoplankton biomass were selected for the 
ecosystem health characterization. The assessment principle has been modified based on the typical characteristics of 
current ecological conditions for water areas in Baiyangdian Lake. The results of the health assessment indicate that 
water areas in sites 4 and 14 are in relatively good health, while the states of health of other water areas are 
deteriorated to varying degrees. By comparing the values of the ratio of zooplankton biomass to phytoplankton 
biomass and structural eco-exergy, the order of relative states of health from good to bad has been determined as: 
water area in the northeast and southeast (A) > water area in the north (D) > water area in the central and south (C) > 
water area in the west (B). Furthermore, based on the distribution of human disturbances in the water areas, for 
proposed regulating measures to improve the health of the impaired water areas we focus mainly on decreasing the 
nutrient loadings in water areas B and C and the submerged plant management of water area D.  
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1. Introduction 
Since the concept of ecosystem health emerged in the 1980s and brought with it new goals for 
environmental management, many attempts have been made to assess lake ecosystem health [1-3]. The 
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indicative species method and the index system method have been the two main methods used extensively 
for lake ecosystem health assessment.  
The indicative species method was applied in aquatic ecosystem health assessment in the early stages. 
Due to indicative species’ sensitivity to external disturbance, this method was widely used in the 
ecosystem health assessment of rivers, lakes and wetlands [4-9] and mainly used the indices of species 
number, productivity and biomass to describe the health state of the ecosystem. In lake ecosystem health 
assessment, the main indicative species were plankton [10], microbe [11], macrophyte [12] and fish [13]. 
However, in general, only one species can be sensitive to a particular disturbance, so indices of single 
species cannot totally reflect the health state of a lake ecosystem under multiple disturbance conditions. In 
addition, there has been no specific standard for sensitive species selection, so the application of this 
method has had some limitations. 
In view of the above problems, an index system method covering various levels of ecological 
indicators, including gross ecosystem product [14], ecosystem stress indicators [15], eco-exergy and 
structural eco-exergy [1,16], were rapidly developed, and the index system covering thermodynamic 
indicators, including eco-exergy and structural eco-exergy, has been widely used in recent decades for 
lake ecosystem health assessment [17]. Jørgensen proposed a tentative procedure for lake ecosystem 
health assessment based on eco-exergy, structural eco-exergy and ecological buffer capacities and 
concluded that a healthy ecosystem has high eco-exergy, structural eco-exergy and ecological buffer 
capacities [1], and this work provides an important reference for relative health state determination. 
Although the ability of an ecosystem to resist external perturbations could be better described by 
applying eco-exergy, structural eco-exergy and ecological buffer capacities to health state 
characterization, additional indicators are required to arrive at a more complete, holistic picture of 
ecosystem health [18,19]. Xu combined the thermodynamic indicators with a trophic state index and a 
diversity index to evaluate the state of health of Chao Lake, adding the indications of a healthy ecosystem 
with relatively high diversity and low trophic level [20]. Later, Xu et al. further proposed a set of 
comprehensive ecological indicators, including structural, functional and system-level aspects for health 
state characterization [21], some of which, consisting of structural and system-level aspects, have been 
applied to the ecosystem health assessment of many lakes. Hu et al. simplified the above-mentioned index 
system and selected eight indicators, including structural and system-level aspects, to assess the state of 
health of Qinghai Lake from 1988 to 1989 [22]. Silow and In-Hye applied the variation of eco-exergy and 
structural eco-exergy to reflect the change of the state of health under the condition of outside pollutants 
input into Baikal Lake [23]. Hu et al. conducted an ecosystem health assessment of fifteen lake regions in 
Tai Lake [24]. The previous case studies show that the method of ecosystem health assessment (EHA) 
based on an index system covering thermodynamic indicators proves an effective tool for quantifying the 
disease of lake ecosystems based on observation. 
This research determined to apply to Baiyangdian Lake an EHA based on an index system involving 
thermodynamic indicators including phytoplankton biomass, the ratio of zooplankton to phytoplankton 
biomass, eco-exergy and structural eco-exergy, so as to lay a foundation for lake restoration and 
management.  
2. Materials and methods 
2.1. Study area 
Baiyangdian Lake (E 115.75°-116.12°, N 38.73°-38.98°), namely Xidian, with an area of about 362.8 
km2 when the water level is 10m, is located mainly in Anxin County, in the city of Baoding in Hebei 
Province in North China. It is a typical plant-dominated shallow freshwater lake consisting of about 143 
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lake parks by 36 pure water villages with aggregate population of some 57,000 and 67km2 of reed 
marshes. There are also 80 half water villages surrounding the lake with the population of some 155,000. 
The terrain of Baiyangdian Lake is intricate, with the characteristic of circumferential high and low in the 
east, and high in the west, northwest and south. The average elevation ranges from 5.5 to 6.5m (Dagu 
Elevation). The lowest and highest elevations are 5.0m and 9.0m, respectively.  
Historically, Baiyangdian Lake -- with multiple functions, like providing the resources of fish and 
reedy grass and carrying hundreds of thousands of people in the catchment -- is in a clear water state with 
high aquatic biodiversity.  It is well known for its scenic beauty. However, due to the presence of dams, 
the catchment area controls 60% of the mountain area, and a large number of floods have been blocked. 
Coupled with the impact of continuous dry years, Baiyangdian Lake usually dried up after the 1980s. 
Meanwhile, due to population growth and economic development in the basin, Baiyangdian Lake suffers 
now from high intensive human disturbances, with Fu River as the only inflow river and Fu River 
carrying a large quantity of pollutants and runoff interception resulting from the presence of the dam in 
the upper reaches. In addition, non-point source pollution from the daily life of residents, aquaculture and 
farmlands, coming from the villages within the lake area, causes excessive nutrient-rich pollutants to 
directly discharge into the Lake, and this is followed by serious eutrophication, resulting in biodiversity 
decrease and macrophyte hypermorphosis. The large amount of submerged dead plants release nutrients 
aggravating eutrophication and settling to the sediment, which accelerates paludification. At the same 
time, the reduction of lake surface area and depth have worsened the entropic situation.  The Lake’s 
unique environment and human landscape has gradually disappeared and there have been severe, negative 
effects on  ecosystem health, sustainable development and management.  
Meanwhile, Baiyangdian Lake appears to experience a variety of ecological conditions due to different 
types of human disturbance and to the extent of these disturbances. The water areas in the northeast and 
southeast, where there is less human disturbance, have relatively high secchi disk depth (107±5cm), 
submerged plant species diversity,  low nutrient concentrations (TN=1.20mg/L, TP=0.03mg/L on average) 
and phytoplankton biomass (9.2mg/L on average), all of which basically comes close to the natural 
condition of the lake ecosystem. The western water areas close to the Fu River have extremely high 
nutrient concentrations (TN=16.6mg/L, TP=1.4mg/L on average) but low phytoplankton biomass 
(14.56mg/L on average), and appears to be in a non-responsive state similar to that of some eutrophic 
urban lakes. The central and southern water areas near aquaculture and villages are characterized by high 
nutrient concentrations (TN=6.98mg/L, TP=0.76mg/L on average), phytoplankton biomass (54.44mg/L 
on average) and low secchi disk depth  (24±5cm), while great amounts of macrophytes, especially 
submerged plants, are densely distributed in the northern water areas not too close to pollution sources 
(the area covered by submerged plants is over 80%). Also, nutrient concentrations (TN=2.98mg/L, 
TP=0.14mg/L on average) and phytoplankton biomass (18.51mg/L on average) are relatively low due to 
the up-taking of nutrients and inhibition of phytoplankton resulting from the great amounts of submerged 
plants.  
2.2. Data sources 
The data for indicator calculation were acquired from field monitoring between August 2009 and July 
2010. The distribution and brief introduction to the impaired conditions under disturbed conditions for 14 
sampling sites was found in [25]. Physical, chemical indices, and biological indices involving the size of 
the phytoplankton and zooplankton, chlorophyll-a concentration, the biomass of zooplankton, and 
submerged plant and detritus content, were measured according to [26]. Phytoplankton biomass was 
converted from chlorophyll-a concentration by the equation: phytoplankton biomass (mg/L) = 7.557 + 
0.328 × Chla (ug/L) proposed by [27]. 
2405F. Xu et al. / Procedia Environmental Sciences 13 (2012) 2402 – 2413 F. Xu et al./ Procedia Environmental Sciences 8 (2011) 2428–2439 2431 
 
2.3. Health assessment indicators 
Focusing on the eutrophic state of Baiyangdian Lake and based on [25,28-29], the phytoplankton 
biomass (A), the ratio of zooplankton biomass to phytoplankton biomass (Z/A), eco-exergy (Ex) and 
structural eco-exergy (Exst) -- which have been proved to better characterize variations in states of health 
following external changes and  also being suitable for health characterization of (the typical) 
Baiyangdian Lake -- were selected as the assessment indicators.  
Phytoplankton biomass is a crucial indicator of lake eutrophication and usually increases with 
increasing eutrophication. The ratio of zooplankton biomass to phytoplankton biomass could serve as an 
ecological indicator for the effects of eutrophication on lake ecosystem health. Zooplankton communities 
are more sensitive to external pressures than are phytoplankton communities. So the ratio of zooplankton 
biomass to phytoplankton biomass will always decline from the effects of nutrient pollutants [30].  
Eco-exergy and structural eco-exergy have been used extensively to assess the ecological condition 
and state of health of lake ecosystems [17]. The general equation proposed by  [1,16]  is given as:  
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where i  is the weighting factor of the i th component; iC  is the biomass of the i th component or the 
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Structural eco-exergy (Exst), expressing the ability of an ecosystem to utilize available resources [31], 
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where tC is the total biomass, which is the sum of all the iC . 
For eco-exergy (Ex) and structural eco-exergy (Exst) calculations, phytoplankton, zooplankton and 
submerged plants are considered. The weighting factors used for calculating the two indicators are listed 
in Table 1. For zooplankton, the weighting factor is selected as the average value of the weighting factors 
for protozoa, rotifera and crustaceans. In addition, most of the submerged plants in Baiyangdian Lake are 
of the flowering variety, so the weighting factor for submerged plants is selected as 393.  
Table 1. Latest weighting factors used for Ex calculation (quoted from [32])  
Organisms i  
Detritus 1 
Phytoplankton (algae) 20 
Zooplankton 145 
Flowering plants (submerged plants) 393 
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2.4. Health assessment principle 
According to [16] and [21], a healthy lake ecosystem should have relatively high eco-exergy and 
structural eco-exergy and ratio of zooplankton biomass to phytoplankton biomass meanwhile possess 
relatively low phytoplankton biomass.. However, this assessment principle doesn’t apply to all the water 
areas in Baiyangdian Lake. For the western water areas in non-responsive state, although nutrient 
concentrations are extremely high, the phytoplankton biomass is still at a relatively low level, showing 
that relatively low phytoplankton biomass doesn’t always indicate a healthy state. Also, according to the 
equation for eco-exergy calculation, the northern water areas with submerged plant hypermorphosis 
should have high eco-exergy resulting from relatively large biomass with the weighting factor for 
submerged plants making a great contribution to eco-exergy, so, similarly, a relatively healthy state could 
not be determined due to a relatively high eco-exergy value. So the previous principle should be modified 
for the health assessment of the water areas in Baiyangdian Lake. As mentioned, the water areas in the 
northeast and southeast are in relatively good ecological condition and so can be considered as the 
reference state for an ecosystem health assessment. Based on this consideration, a healthy Baiyangdian 
Lake should have relatively high structural eco-exergy and ratio of zooplankton biomass to phytoplankton 
biomass, while eco-exergy and phytoplankton biomass should approach the corresponding values for the 
reference water area. The relative health states reflected by the four indicator values are listed in Table 2.  
For a water area health state assessment, comparing the values of structural eco-exergy and the ratio of 
zooplankton biomass to phytoplankton biomass can determine the relative health state. The values of 
phytoplankton biomass and eco-exergy can be used to analyze the reasons for health state degradation.  
Table 2. Relative health states reflected by the four indicator values for Baiyangdian Lake 
Indicator 
Relative health state 
Good Poor 
Phytoplankton biomass (A) Approaching the value of the reference water area 
Far from the value of 
the reference water 
area 
Ratio of zooplankton biomass to 
phytoplankton biomass (Z/A) High Low 
Eco-exergy (Ex) Approaching the value of the reference water area 
Far from the value of 
the reference water 
area 
Structural eco-exergy (Exst) High Low 
3. Results 
The A, Z/A, Ex and Exst of 14 water areas were calculated based on the above methods. The 
assessment indicator values are shown in Table 3. Spatial variations of the four indicators are shown in 
Figs. 1 to 4, respectively. 
Table 3. Calculation of health assessment indicators 
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NO. Water area A(mg/L) Z/A Ex (kJ/L) Exst (kJ/mg) 
1 Shaochedian 20.51 0.56 2963 3.88 
2 Wangjiazhai 39.63 0.19 42 3.70 
3 Yangzhuangzi 46.43 0.15 40 3.69 
4 Zaolinzhuang 8.63 0.62 510 5.49 
5 Yuanyangdao 62.96 0.12 32 3.63 
6 Nanliuzhuang 16.08 0.06 110 3.60 
7 Entrance of Fu River 13.30 0.04 95 3.57 
8 Zhainan 38.77 0.24 78 3.79 
9 Guangdianzhangzhuang 28.33 0.34 198 3.85 
10 Laowangdian 42.53 0.21 42 3.75 
11 Quantou 67.84 0.14 38 3.65 
12 Duancun 114.97 0.11 32 3.62 
13 Dongtianzhuang 30.97 0.28 168 3.82 
14 Caiputai 9.76 0.59 486 5.25 
It can be seen from Fig. 1 and Fig. 2 that A is relatively high in sites 3, 5, 10, 11 and 12 -- over 40 
mg/L -- while sites 4, 6, 7 and 14 have relatively low A -- below 18 mg/L. For Z/A, the values for sites 1, 
4, 8, 9, 10, 13 and 14 are relatively high -- over 0.2 -- while sites 6 and 7 have relatively low values -- 
below 0.1. 
Fig. 3 and Fig. 4 show that sites 4 and 14 both have relatively high Ex and Exst. Sites 2, 3, 5, 11 and 12 
have relatively low Ex and Exst. Site 1 has extremely high Ex, while Exst is not very high. Sites 6 and 7 
have relatively high Ex and low Exst. 
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Fig. 1. Spatial variations of phytoplankton biomass (A) in Baiyangdian Lake 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Spatial variations of the ratio of zooplankton biomass to phytoplankton biomass (Z/A) in Baiyangdian Lake 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Spatial variations of eco-exergy (Ex) in Baiyangdian Lake 
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Fig. 4. Spatial variations of structural eco-exergy (Exst) in Baiyangdian Lake 
Combining the assessment indicators and using the assessment principle for the current state of health 
of the Lake, the relative health states of 14 water areas can be determined as follows: the water area 
located at site 4 meets the criteria for a healthy ecosystem, with relatively high Z/A and Exst, which is in 
accordance with the ecological conditions of the water area. Site 14 also has relatively high Z/A and Exst 
but a little lower than those of site 4, which indicates that the health state of this water area is also 
relatively good. Site 1 has high Z/A, because a large amount of submerged plants -- indicated by 
extremely high Ex -- are beneficial to macrozooplankton growth. But in this kind of water area, the over-
growth of lower submerged plants usually results in the relatively inferior ability of the water area to 
utilize resources to synthesize biomass corresponding lower Exst. Sites 6 and 7 have relatively low Z/A 
and Exst, particularly site 7, which indicates that the water areas here suffer from severe ecosystem health 
degradation. Meanwhile, the low value of A also tells us that the impaired health state results mainly from 
the fact that extremely high nutrient concentrations largely exceed the optimal level for phytoplankton 
growth. By comparing the values of Z/A and Exst, the order of relative health states from good to bad for 
the 14 water areas can be expressed as follows: site 4 > site 14 > site 1> site 9 > site 13 > site 8 > site 
10 > site 2 > site 3 > site 11 > site 5 > site 12 > site 6 > site 7.  
In terms of a healthy state on a spatial scale based on taking into consideration water area type, it can 
be seen that water areas in the northeast and southeast have relatively high Z/A and Exst while the two 
indicators are relatively low for water areas in the west. The values of Z/A and Exst for central, south and 
north water areas are higher than those for water areas in the west and lower than those for water areas in 
the northeast and southeast. As well as the water area in the north, water areas in the northeast and 
southeast also have relatively high Ex, low A and meet the criteria for a healthy ecosystem. The health 
states of other water areas are all deteriorated to varying degrees. According to the assessment principle, 
lower Z/A and Exst indicate that water areas in the west in a non-responsive state are in poor health and 
that the state of health of the water areas in the north, with submerged plant hypermorphosis, is a little 
better than that of the central and southern water areas  where there is phytoplankton hypermorphosis. In 
sum, the order of relative health states from good to bad on a spatial scale can be expressed as: water 
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areas in the northeast and southeast (A) > water area in the north (D) > water areas in the center and south 
(C) > water areas in the west (B). 
4. Discussion and conclusions 
4.1. Proposed regulating measures for ecosystem health improvement for Baiyangdian Lake 
Based on the assessment results reported here, the health state of water areas B and C can be improved 
by decreasing nutrient loadings. Improvement of the health of water area D can be achieved by increasing 
the removal rate of submerged plants. These regulating measures for health improvement are mainly 
determined by focusing on the nutrient-loading sources of water areas B and C and the submerged plant 
management of water area D. 
For water area B, Fu River is the key nutrient-loading source. In order to decrease the nutrient loading, 
it is suggested that artificial wetlands be constructed at the entrance of Fu River for a reduction in nutrient 
loading. Meanwhile, because the nutrient pollutants in Fu River are mainly from the city of Baoding, the 
sewage treatment plant there should see accelerated upgrading so as to guarantee that sewage treatment is 
up to standards.  
The nutrient-loading sources for water area C include villages, farmlands and aquaculture. In order to 
reduce this nutrient loading, ecological emigration should be conducted to decrease the nutrient-loading 
effect of the villages. At the same time, domestic sewage requires handling before waste is discharged, 
again to reduce nutrient loading. The nutrient pollutants from surrounding farmlands are discharged into 
the Lake primarily by pumping stations. It is therefore recommended that the pumping water should be 
passed through artificial wetlands before being discharged, to regulate the consumption of chemical 
fertilizers. As for aquaculture within the Lake, nutrient pollutants come mainly from baiting for fish 
cultured in net cages. So the amount of fish cultured in net cages should be decreased and and residents 
should be encouraged to develop a fish culture system that uses net columns.  
For water area D, with its submerged plant hypermorphosis, the removal rate of submerged plants 
should be increased. Because the removal rate is proportional to the population density of villages, the 
local government could encourage more current residents to harvest submerged plants for fish or duck 
culture, which would not only increase their financial reward but also alleviate the negative effects 
resulting from submerged plant hypermorphosis. 
Regulating measures for health improvement of the impaired water areas in Baiyangdian Lake are 
summarized in Table 4.  
Table 4 Summary of the proposed regulating measures for health improvement for Baiyangdian Lake 
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Water area Regulating measures 
B Decrease nutrient loading 
Fu River: nutrient 
concentrations should be 
decreased  
Construct artificial wetlands at the entrance 
of Fu River and accelerate the sewage 
treatment plant upgrade in the city of 
Baoding 
C Decrease nutrient loading 
Villages: populations should 
be decreased; Farmlands: 
nutrient concentrations at 
pumping stations should be 
decreased; Aquaculture: there 
should be less fish culture 
using net cages  
Villages: encourage ecological emigration 
and  handling of domestic sewage before 
discharging waste; Farmlands: treat 
pumping water before discharging and 
regulate the consumption of chemical 
fertilizers; Aquaculture: reduce the area for 
fish culture using net cages and encourage 
residents to develop fish culture using net 
columns 
D Increase the removal rate of submerged plants Encouraging more residents to harvest submerged plants for fish and duck culture 
4.2. Conclusions 
On the basis of an index system involving eco-exergy, structural eco-exergy, the ratio of zooplankton 
biomass to phytoplankton biomass, and phytoplankton biomass, and using a modified assessment 
principle, the states of health of water areas in Baiyangdian Lake have been assessed. The results reveal 
that the water areas at sites 4 and 14 have are in relatively good health, while the health of other water 
areas has deteriorated to varying degrees. The order of relative health states from good to bad has been 
determined as: water areas in the northeast and southeast (A) > water area in the north (D) > central and 
southern water areas (C) > water area in the west (B). Human disturbance is the main cause of the 
discrepancy in the states of health of Baiyangdian Lake. 
In order to improve the states of health of the impaired water areas in Baiyangdian Lake, the excessive 
nutrient loading of water area B should be decreased by constructing an artificial wetlands at the entrance 
to Fu River while accelerating the upgrade of the sewage treatment plant in the city of Baoding . For 
water area C, ecological emigration and the handling of domestic sewage before discharging waste should 
be done to decrease the nutrient loading from villages; pumping water derived from farmlands should be 
treated before discharging, based on the regulation of the consumption of chemical fertilizers; the amount 
of  fish cultivated in net cages should be decreased and residents should be encouraged to develop a fish 
culture using net columns. To alleviate the negative effects resulting from submerged plant 
hypermorphosis for water area D, more residents should be encouraged to harvest submerged plants for 
fish and duck culture. 
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